Structural Stability and Catastrophe in a Spatial Economy by 中島 巖
????
?????????????Launhardt?Weber?von Thünen?Christallar?Lösch???
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????
???????????????????????????????????Beckmann
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????gradient law??????????????????????????
????????????????????????????????????????
???????????????????????????divergence law???????
???????????????????????????????????????
?????structural stability???????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????
JEL???R???R??
????????????????????????
? ???????????????????????????????
?? ????????
Economic Bulletin of Senshu University
Vol. 52, No. 3, 35-62, 2018
???????????????????
?? ???
35
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
??????????????????????????Kroraina??Pompei?Itil?Easter??Isla de
Rapa Nui??????
???????????????????????????????????????????
????????????????????????????????????????????
???????????????????correspondence principle??????????????
????????????????????????????????????????????
????????????????????????????????????????????
????????????
???????????????????????????????????????????
???????????????????????????????????chaos??????
????????????????????????????????????????????
??????????????????????????????
Beckmann??????????????????????flow???????????????
????????????????????????????????????Puu??????????
Beckmann?????????????structural stability??????????????????
?????????????????????????????Mees?????????????
?????????????????????????? Piremnne?????????????
?????????????????????Andersson??????????????????
???????????????????????? van der Pol??????????????
???????Andersson?Batten?????????
??????????Puu, op. cit., ???????????????????????????
????????????????????????????????????????????
??????????????????
???????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????????
??????????????
36
??? ????????????
1???????
???????????????????????????????????????????
??
???????????????????????????????????vector space??
????????
???????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????????????
??????????????????????????????????????????
??????????????structural stability???????????????
??????? X ?? f?X?R n???????????????????????? f ??

??????x? f? x???????????????????????????????????
???????????????????????????X?R??f? x??Ax ????????
???????A ????????????????????????????????????
????flow??????????? A ??????????????????????????

???????? A ?????x?Ax ??????????A ??????????????
????????????????????????????????????????????
?????????????????????????????????closed orbit??????
??????????????????????? A ???????????????????
????????????????????????????????????????????
???????

????????????? x? f? x??????????????????????????
Dn???Dn?R n???????????????????V ????????V ? C????
?C?-norm?????????C????????????????????????????????
??close???????????????????????????????????????
???distance??????????????? f ?????? ε−??ε−ball?????????
????????????????perturbation???????
???????????????????????????????????????????
?????????homeomorphism?h?Dn?Dn?????????Dn???????????
?????topoligically equivalent?????????????????????????????
??????????????????????????????????
??????????structural stability?????????????????????????

? g ????x?g? x???????? f ????????????????? f ????????

??????Dn?????? x? f? x????????structurally stable???????????
??????????????????
37
????????????? f ??????????????????????????????
????????????????????????????????
???????????????????????????????????????????
????????????
???x y z?????? D ????????????????????????? f
w?f? x?y?z? ???
?????????x?x?u?v??y? y?u?v??z?z?u?v?? uv????????? B ???????
??????????????????????????????u?v??B ?????????
?x?u?v??y?u?v??z?u?v??? D ?????????????????
w?f? x?u?v??y?u?v??z?u?v?? ???
? B ??????????1??????
???????? x y z ????????? a ????? P? x??y??z????? Q? x??y??z????
??????????????????? a??x??x??a??y??y??a??z??z?????component?
??????? a??a??a??a???????????? A?? x?y?z?????????positon vector?
r ???????????? A ???????????r?? x?y?z???????????2??????
???????? a?b ??????? ν ?????????norm??a??a?a??b??b?b??
?????
cos ν? a?b
?a??b?
???
??????a?b??????cos ν??????a ? b ??????????b ????????
? a ?????orthogonal projection?p
p??a?cos ν ???
v z
D
?x?u?v??y?u?v??z?u?v???u?v?
u
B
yx
??1
38
??????????3??????????????b?/?b?????????????????
p? a?b
?b?
???
???????b???????????
p?a?b???b???? ???
????????????p ? b ????? a ??????????????
???a??a??a??a????r??x?y?z???????????? a?r?c?const????????a
??????????? n ?
n? a
?a?
???
zz
Qa?
r
P
a?
a?
x yy x
??2?a? ??2?b?
a
aa
ν νν  b b b
pp
?p??? ?p??? ?p???
??3
??????????????????
39
????????? a?r ??a??????
n?r?p?where p? c
?a?
???
?????????????p ? n ???? r ???????n ???????????n ????
?????????unit normal vector??????????4??????
????????? f?x?y?z?????gradient???????????
grad f?
f
x?
f
y?
f
z

?
f
x i?
f
y j?
f
z k ???
???????????i???????j???????k??????????
??????? b ????? P ?????? f?x?y?z????????directional derivative?Db
??? d f/d s ??
Db f?
d f
d s?lims??
f?Q??f?P?
s ????
???????????Q ??b ?????? L ?????????s???P ? Q ??????
???????5????????????????? b??b?????????? L ?
r?s??x?s?i?y?s?j?z?s?k?p??sb ????
???????????p?? P ??????????????????Db f?d f/d s ? L ????arc
length?s ?????? f?x?s??y?s??z?s????????????????????????????
?chain rule???????
n
| p |
r
??4
40
Db f?
d f
d s?
f
x x?
f
y y?
f
z z? ????
????????x?x/s ????y?z?????????
?????
r? x?i?y?j?z?k?b ????
????????
Db f?
f
s?b?grad f ????
?????????????????????????????
Db f??b??grad f?cosν??grad f?cosν ????
????????ν ??b ? grad f ??????????????ν???????? cosν????
??Db f ????????Db f??grad f??????????????? P ?????grad f?P??
????grad f?P???P ???????????????????????
????? f ?????f?x?y?z??c?const ??????? S ?????level surface????
???? c ???????????????????S ?? P ??? S ????? C ?????
C ??????? r?t???x?t??y?t??z?t??????S ?????????
f?x?t??y?t??z?t???c ????
?????????????????? C ??????? r?t???x?t??y?t??z?t????????
P ??? S ??????????P ???? S ?????tangent plane???????????
?????????????P ???? S ????????surface normal??????????
???????????P ???? S ?????????surface normal vector????????
?????????????? t ?????????????????
f
x x?
f
y y?
f
z z??grad f ?r?? ????
L
Qs
b
P
??5
??????????????????
41
?????????????grad f ???????????????? r?????P ???? S
??????????????6???????
???????????scalar field??????gradient???????????vector field?
?????????????????????????????divergence??????????
??????????
????????????? v?x?y?z???????? v???? v??v??v?????? v???
?
divv?v?
x ?
v?
y ?
v?
z ????
???????????????
divv?

x?

y?

z

?v??v??v??
?

x i?

y j?

z k

?v?i?v? j?v?k?
?
v?
x ?
v?
y ?
v?
z ????
?????????????????? f ???????????potential function?????? v
?????????????
????f?x?y?z??????????????????????????????
v?grad f?
f
x?
f
y?
f
z

?
f
x i?
f
y j?
f
z k ????
??????????????????????????????? x?y?z ??????????
divv?div?grad f??

?f
x? ?

?f
y? ?

?f
z?
tangent plane
f?constgrad f
C
P
??6
42
?????????????????????????????Laplacian??????
?????grad? div?????????????????????????????????
?????
div? f v??f divv?vgrad f ????
divp
f
t

?p div
f
t
?
f
t
gradp ????
???????????
2??????
????????????????????????????????
???x y z???????? S ??
z? f?x?y? ????
or g?x?y?z??? ????
????????????????? S ?????????parametric presentation??????
?????????
r?u?v???x?u?v??y?u?v??z?u?v??
?x?u?v?i?y?u?v?j?z?u?v?k ????
??????u?v???uv?????? R ???????????????????????? r?u?v?
???? S ??? R ????????u?v?????????????7???????
???? S ???????????????????S ???? C ??????????
u?u?t??v?v?t? ????
????????????C ??????? r?t??r?u?t??v?t?????
r?t??
dr
dt ?
r
u u?
r
v v? ????
??????????u? du/dt?v? dv/dt ????????????? ru?rv? P ???? S ?
????
????ru?rv??????????????P ???? S ???? u?const?v?const ???
????????P ???? S ????????????????????????? P ???
? S ???????
N?ru?rv? ????
??????????????????
43
???????????????? n
n? N
?N?
? ru?ru
?ru?ru?
????
????????8???????????S ? g?x?y?z?????????????????????
n?
gradg
?gradg?
????
???????
???? S ???????????????S ?????smooth surface?????????
S
r?u?v?z
x y
??7?a?
v
R
u
??7?b?
44
?????????????????????S ????????piecewise smooth??????
????
?????????????????? S ??????????????????????? S ?
??????
N?ru?rv ????
?????????
n? N
?N?
????
????
????????? F ?????????S ?????????surface integral???


F?ndA?

F?r?u?v??N?u?v?dudv ????
????????????xy?????? R ????area?A ???????double integral?
A?

dxdy ????
??????z?f?x?y?????????volume?V ??
n
rvP
ru
S
??8
??????????????????
45
V?

f?x?y?dxdy ????
??????????9?????????????????????N???ru?rv?????ru?rv?????
??????????????????????????????
ndA?n?N?dudv?Ndudv ????
????
???F??F??F??F???N??N??N??N???? n??cosα?cosβ?cosγ?????????a??a?a?
?b??b?b??????
cosα? a?b
?a??b?
????
???????
cosα? n?i
?n??i?
?n?i
???????????????????


F?ndA?

?F?cosα?F?cosβ?F?cosγ?dA
?

?F?N??F?N??F?N??dudv ????
?????????????cosαdA?dydz?cosβdA?dzdx?cosγdA?dxdy ????????????
z
f?x?y?
x
R
y
??9
46
???????


F?ndA?

?F?dydz?F?dzdx?F?dxdy? ????
?????????
????? Τ ??????? f?x?y?z???????tripple integral??????????f ? Τ
???????????????Τ ????????????????????????????
????????????????????????????????????????????
F??F??F??F???F?i?F?j?F?k ????????
divF?
F?
x ?
F?
y ?
F?
z ????
???????????????????Gauss??????Gauss’s divergence theorem????
????
?Gauss????????
?????? S ?????????????? Τ ???Τ ??????????????
??????????????? F?x?y?z???????


divFdV?

F?ndA ????
??????????????F??F??F??F???????????????? n??cosα?cosβ?
cosγ???????????




F?
x ?
F?
y ?
F?
z

dxdydz
?

?F?cosα?F?cosβ?F?cosγ?dA
?

F?dydz?F?dzdx?F?dxdy ????
???????
???????????????????????????????????????????
??????????
???????????????????????????????????????????
??????cusp catastrophe??????????????
?? ??????structural stability???????????Hirsch?Smale????Chap?????Varian?????
Demazure??? Chap???Poston?Stewart???? Chap??????
?? C?????C?−novm??????Hirsch?Smale, op. cit.,?Chap??????
?? ????????? Kreyszig????Hirsch?Smale, op. cit., ????
??????????????????
47
?? Kreyszig, op. cit., Fig????p?????????
?? Kreyszig, op. cit., Fig??????? Fig????p?????????
?? Kreyszig, op. cit., Fig????p?????????
?? Kreyszig, op. cit., Fig????p?????????
?? Kreyszig, op. cit., Fig????p?????????
?? ????? C ? r?t?atb??????n ?????????? r?to????r?tn????? l????ln???
? Pythagoras?????????n??????r?t????? r??t??????? l????ln???????l
?


r?r?dt ????????? C ??? b ??? t ???????????? t ???????s?t??



r?r?d τ?r?dr/d τ???????s?t?? C ????arc length????????Kreyszig, op. cit.,?p????
????
??? Kreyszig, op. cit., Fig????p?????????
??? Kreyszig, op. cit., Fig????p?????????
??? Kreyszig, op. cit., Fig????p?????????
??? Kreyszig, op. cit., Fig????p?????????
??? ??????Kreyszig, op. cit.,?pp?????????
??? ????
1??????????????
???????????????????????????????????????????
?????
???????????????????nonlinear oscillation???????????????
?????????????????????
???????????spring?????pendulum???????????????????
???????
x??x?? ????
???????????????????????????harmonic oscillator?????????
????????????????angular frequency????????????????????
??
????????????????????????????periodic solutions??????????
??????????????????????????????????????????perfectly
conservative????????????????????????
???????????????????????????????damping?????????
??????????????????driver????????????????????????
48
?????????linear oscillator?
x??kx?x?F cosΩ t?k?? ????
??????????F?Ω???????????????amplitude??????frequency??
???????????????
x?e
?kt
? Asinαt?B cosαt??
F cos?Ωt?φ?
???Ω????k?Ω??
where α?????k
??φ?tan??
k
??Ω?

 ????
???????????????????
?????t???????????????????????????????????????
???????????????????? F?Ω?????????????? F ??????
? Ω?????? k
???????????????k ???????????????F ??????
????????????????resonance?????????
?????????????????Duffing??????????????
x??kx?x?ax??F cosΩt?k?? ????
??????????
Ω???ω ????
?????????????k?a?ω ?????????????????????????????
????restoring force???????????????a?????????displacement???
?????????????????????????hard spring?????????a????
??????soft spring??????????a ???????????????Duffing?????
???????????????????????????????
x?Acos?Ωt?φ? ????
?????????????????????????cos?Ωt ??????cosΩt ? sinΩt ??????
??????
tanφ??k/??aA???ω? ????
A?
?
?aA
???ω
?
?F??k?A? ????
??????
????????????A?????????????A???????a?ω ?????????

?

?

????????cusp catastrophe?????????????????????????????????
? A????????
??????????????????
49
?a?ω?????k
??/??F??k??

 ????
??????????

?

?

?????????????
??10????????a???????????????ω??????A ???????????
????????????????????????????????????????????
???????????????? ω ????????????????? A ????????
??????????????????????????????????phase???????
?????????? ω ??????????????????????????????????
???

?

?

????????????????????????????????????? Duffing
????????????????????????????????????gradient dynamics?
????????????????????????
????????????????????????????????elementary catastrophe?
????????????????????????????????????????????
?????????????????van der Pol???????
x??k?x??b?x?x???k?? ????
???????
b??????x ???????????????????????????????????b??
??????? x ???????????????????????????????????
????????????????????????????????????????????
???x??b ??????????????????????????????????????
??????????????????
ω
a
??10
50
????y?x ???????????? van der Pol???????????????????
???????????????
x?y ????
y??k?x??b?y?x ????
??????b?????????????

?

?

????????b??????????????
???????????k ?????????????????????square wave??????
???????11?a??b??c????????
?????van der Pol?????Hopf???Hopf bifurcation???????????????
??11?c?
y y
xx
??11?a? ??11?b?
y
x
??????????????????
51
???????????????????????????????????van der Pol????

???????????????????????????????????????????x
???????????????????????????????????????z?x ?
??????
  
???x?x ????? x????x??x????x????
z?t??z??
?
K 

x?τ?d τ ????
??????????z???
z??
?
?x?
??bx??x?/K ????
??????? K ??????????????????????????????
z?t???x?t?/K ????
??????????????????????????????
  x? t??K?x??t?x?t??bx?t??z?t???? ????
???????????????van der Pol???????
x?t???K
?
?x?t?
??bx?t??z?t? ????
z?t???x?t?/K ????
 
???????????K ?????????x?t????????fast equation??z?t??????
??slow equation???????????????x?t????? z?t????????????????
????z?t???x?t?????????????????????x?t?????????
?
?x?t?
??bx?t??z?t??? ????
??????????????? x?t??????????????singularity set???????z?t?
????????????

?

?

????????cusp catastrophe???????
??12??????????????????????????? x ???????????????

???phase point???????????????????????????????????x?t?
?????????????????????????????b??????????????
?????????????????????????????????hysteresis??????
?????????????????????
???n ?????? α ??????????????
V?V?x?α??x?R?α?R n ????
52
????????????????
V?x?α??xn?α?xn??????αn x? ????
?????????????????analytical function?????????????????αi???
????????????????????????????????????????????
?????structurally stable???????????????????????????????
? n ?????????????????????????universal unfolding????????
? n ???? xn???????????????????????????codimension????
???
?????Thom????????????????????????????????????
??12
x
z
b
??????????????????
53
????????????????????????????????????????????
??????????????Thom??????classification theorem????????????
?????????????????????elementary catastrophes???????
???????
z?t??g?z?t???z?t??R n ????
?????????? z????????? z????zn?????????

?

?

?

?

???????
??????????????z??????????????????????????????
???????????
z????g? z????zn?
A
t ????
????????? g? z????zn???? R n???? n????????manifold????????

???equilibrium surface?M??????z???Fz? f?z??α????? F?z??α?????????
???????gradient system????????????
S???z??α??R?R n???Vz?z? ?? ????
???????????????????????????????????z??α????????
???singularity set???????????????????????????????
B??α?R n???Vz?z? ?? ????
???????bifurcation set???????
??????

?

?

?????????z??x ???????????????
V?x??x??α?x??α?x ????
?????M
M??x???α?x?α??? ????
????????S
S???x???α??? ????
??????????????????B??M?S?? x ?????????
B??α?????α???? ????
????????????????????????????????????????discriminant???
???
?? van der Pol???????????????????M?????????????????
?

?

?

????????????????????????????
54
2???????????????????
?????????????????????????????????????????
Beckmann????????????????????????????spatial density?????
???flow???????????????????????????????????????
?????
????????????????????????????????traversible??????
????????????????????????????????????????????
????????isotropic transportation model????????????????
??????????????n ?????????????
φ i??φ?i x?y??φ?i x?y???i??????n? ????
?????????x?y ????????????????????φ i|
?φ i???φ?i????φ?i???i??????n? ????
??????????????????????????
φ i
?φ i???cosθ
i?sinθ i??i??????n? ????
?????????
???????????????????????????????????????????
?????????????????????????????????? ki????
f i?x?y?θ i??f i?x?y??kif?x?y? ????
???????
?????????????? φ i?????????????????????????????
???????????????????????φ i??????????????????spatial
density?????????????divergence???
divφ i?
φ?i
x ?
φ?i
y ???? x
????????????????????????????????????????????
????????????????net flow????????????????????????
??????
???????????? λ i?x?y?i??????n??????
f i φ
i
?φ i??grad λ
i?i??????n? ????
??????????????????????????????????????grad λ i??ki?
??????????grad λ i??λ i/x?λ i/y????????????????????????
??????????????????
55
????????????gradient????????φ i?????????????????????
?????????????????????gradient law???????
?????????????????????????????????????????????
???????????????????????????????????????
?grad λ i??f i?i??????n? ????
????????????????????????????????????????????????
????????????????
?????Gauss???????????????????????????????? S ?
??S ????????????????????φ i?n??????Gauss???????? θ i
?????????????????


divφ id xdy?

?φ i?nd s?i??????n? ????
??????????????????????????????????????????????
??????????????????? δ i?x?y???????
divφ i?δ i ????
???????????????????????divergence law??????????????????
??????????????????????????????????????????????
????
????r?x??y??????φ i/?φ i??grad r ??????????????????????
???????????????????
div?xy??x div y?y grad x ????
??????
divφ i?div?φ i?grad r??φ i?div?grad r? ????
???????????????? div?grad r???Laplacian?
div?grad r??
?r
x??
?r
y? ????
????????????
divφ i?
?φ i?
r ?
?φ i?
r ????
??????????????φ i/?φ i?????????????????????????????????
??????????φ i?????????????????????????????
??????????????????????????????????????????????
????????????????????????????????????????????
56
????????????????????????????
?????????????????????????????????????????????
???? pi??????????????
pi?x?y??divφ i?x?y??δ i?x?y? ????
??????????????????????
C i?x?y??

f i?φ i??pi?divφ i?δ i? ????
??????????????????????????
f i φ
i
?φ i??gradφ
i???i??????n? ????
??????????????????????????????????????????????
??????????????????????
f i??gradpi??i??????n? ????
?????????????????
pi?λ i?i??????n? ????
????????????????????? Lagrange??????????????????
????????????????????????????????????????
????????????????????
dφ i
dt ?grad λ
i?f i φ
i
?φ i? ????
i??????n?
dλ i
dt ?δ
i?divφ i ????
???????????????????????????????????????????????
????????????????????????????????????????????????
????????????????????????????????
???????????????????????????
C i?φ i?λ i??

f i?φ i??λ i?δ i?divφ i??i??????n? ????
?????????????? A ?????????????????
????φ i???φ?i????φ?i????????????????
d?φ i?
dt ?

φ
i

dφ i
dt



/?φ i?
?φ?
i dφ?i
dt ?φ?
i dφ?i
dt

/?φ i? ????
??????????????????
57
??????
???????????????????????????????n ????A ?????
???????????A ???? φni?????????????????
?????????



λ
idiv dφ
i
dt ?gradλ
i dφ i
dt

dxdy
?

divλ i dφ
i
dt d xdy ????
???????????Gauss????


divλ i
dφ i
dt

dxdy?λn
iφni ds?? ????
?????????????????? A ?????????A ?????????????? A ?
??????? S ????????????

φni ds ??????dφ i/dt ? λ idφ i/dt ??????
??

λniφni ds ??????????????????
????
dC i
dt ?

f
i
φ
i dφ i
dt

/?φ
i??dλ
i
dt?divφ
i?δ i?
?λ idiv dφ
i
dt ?grad λ
i dφ i
dt ?grad λ
i dφ i
dt

	dxdy
?





f
i
φ
i dφ i
dt

/?φ
i??grad λ i dφ
i
dt

?



dλ i
dt?divφ
i?δ i?

	dxdy
?


?


grad λ
i?f i φ
i
?φ i?


dφ i
dt ?



dφ i
dt?divφ
i?δ i?

	dxdy ????
????????????????????????????????
dC i
dt ??

grad λ
i?f i φ
i
?φ i?


?
??divφ i?δ i??dxdy??? ????
?????????????????????????????????????? Cimin??????
?? Ci?φ i?λ i??Cimin??Liapounov?????????????????asymptotically stable??
??????????????
???????????????????????????
??????? i???????????????????????????????????
???????????????
dx
ds?λx?x?y? ????
58
dy
ds?λy?x?y? ?????
??????????s ???????????????????????????????
dx
ds?μx?x?y? ?????
dy
ds?μy?x?y? ?????
??????????μ?x?y???????????????
???
?λx?μx??ε??λy?μy??ε 


?????
?λxx?μxx??ε??λxy?μxy??ε??λyy?μyy??ε
?????????????????????? ε -???ε -perturbation???????????
????????????????????????????closeness???????????
???????????????????????homeomorphism?????????????
????????structurally stable??????????????????????????
?????Peixoto?????????????????????Peixoto???????????
????????????????????????????????????isolated singular
points??????????????????????regular??????????????????
???????source???????sink????????????node????????????
???saddle points???????????????????????????????????
?????
??????????????????????? Taylor???????? Jacobian????
????????????? Hessian???????????????????





dx
ds
dy
ds

	
	
	


?





λ?xx
λ?yx
λ?xy
λ?yy

	
	
	







x
y

	
	
	


?????
??





dx
ds
dy
ds

	
	
	


?





μ?xx
μ?yx
μ?xy
μ?yy

	
	
	







x
y

	
	
	


?????
????????????????
λ?xxλ?yy??λ?xy??? ?????
μ?xxμ?yy??μ?xy??? ?????
??????????????????
59
????????????????????????????????????????????
?????????
???????????????????????????????????????????
???? x?y??????????????????catastrophe????????????????
??????hysteresis??????

?

?

?????????divergence????????????
????????????????????????????????????????????
????????????
?????????????u?v?w ???????????????????????????
???????????????????
λ?x?y??x???xy??w?x??y???ux?vy ?????
???
λ?x?y??x??y??wxy?ux?vy ?????
???????????????????elliptic umbilic surface??????????hyperbolic
umbilic surface??????????????????????Thom?????????????
??????????????????????????
??? ????????? Saunders???? Chap?????????Rosser, Jr.???? Chap???Poston?Stewart, op.
cit.,?Chap????????
??? Saunders, op. cit.,?p??????
??? Zeeman?????Holmes?Rand???????????????????????????????
??? Saunders, op. cit., Fig???p????????
??? Saunders, op. cit., Fig???p????????
??? ???????????????????????????????Zhang???? Chap?????
??? Saunders, op. cit., Fig???p????????
??? ??????????Saunders, op. cit.,?Chap???Lorenz????Chap???Poston?Stewart, op. cit.,?Chap???
Zhang, op. cit.,?Chap?????
??? Puu??????????Beckmann???????????????????????????
??? ????????????????????????????????????
??? ?????????1???
??? ????????????????????????
??? ?????????????????Zhang, op. cit.,?Chap?????
??? ?????????????????
??? ??????asymptotical stability????? Hirsch?Smale, op. cit.,?Chap???Varian???????
??? ???????isolated singular points??????????Kreyszig, op. cit.,?Chap????Puu????Fig?.
?p?????????????????? tangent? π
?
??
?π
?
???????????
??? Hirsch?Smale, op. cit.,?Chap????Zhang, op. cit.,?Chap???????
??? ??????????Puu???? pp???? ??????Woodcock?Poston???? pp????????
60
??????
?????????????????????Hyperion?????????????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????nonlinear forced oscil-
lators???????????? Duffing????????????? van der Pol???????????
???van der Pol???????????????????????????????????
????????????????????????????????????????????
??????????????????
???????????????????????????????????????????
????????????????????????????????????????????
??????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????
???????????????????????????????????????????
????????
References
??? Å. E. Andersson, “The Four Logistical Revolutions,” Papers of Regional Science Association,??,????.
??? , and D. F. Batten, “Creative Nodes, Logistical Network, and the Future of the Metropolis,” Trans-
portation,??,????.
??? M. J. Beckmann, “A Continuous Model of Transportation,” Econometrica,??,????.
??? , “The Partial Equilibrium of Continuous Space Market,” Weltwirtschaftliches Archiv,??,????.
??? M. Demazure, Bifurcations and Catastrophes, Springer?????originally published in French, in?????
??? M. W. Hirsch and S. Smale, Differential Equations, Dynamical Systems, and Linear Algebra, Academic Press,
????.
??? P. J. Holmes and D. A. Rand, “The Bifurcations of Duffing’s Equation : An Application of Catastrophe The-
ory,” Journal of Sound and Vibration,??,????.
??? E. Kreyszig, Advanced Engineering Mathematics,?th Edition, John Wiley & Sons,????.
??? H. W. Lorenz, Nonlinear Dynamical Economics and Chaotic Motion,?nd Edition, Spring−Verlag,????.
???? A. Mees. “The Revival of Cities in Medieval Europe : An Application of Catastrophe Theory,” Regional Sci-
ence and Urban Economics,?,????.
???? M. M. Peixoto, “Generic Properties of Ordinary Differential Equations,” in J. Hale?ed.?, Studies in Ordinary
Differential Equations, Studies in Mathematics : The Mathematical Association of America,??,??,????.
??????????????????
61
???? T. Poston and I. Stewart, Catastrophe Theory and Its Applications, Dover Publications,????.
???? T. Puu, “Regional Modelling and Structural Stability,” Environment and Planning A,??,????.
???? , “Structural Stability and Change in Geographical Space,” Environment and Planning A,??,????.
???? J. B. Rosser, Jr., From Catastrophe to Chaos : A General Theory of Economic Discontinuities,?nd Edition, Klu-
wer Academic Publishers,????.
???? P. T. Saunders, An Introduction to Catastrophe Theory, Cambridge University Press,????.
???? R. Thom, “What is Catastrophe Theory about?”in H. Haken?ed.?, Synergetics, A Workshop, Springer−Verlag,
????.
???? H. R. Varian, “Dynamical Systems with Applications to Economics,” in K. J. Arrow and M. D. Intriligator
?eds.?, Handbook of Mathematical Economics, Volume 1, North Holland,????.
???? A. E. R. Woodcock and T. Poston, A Geometrical Study of the Elementary Catastrophes, Springer,????.
???? E. C. Zeeman, “Duffing’s Equation in Brain Modelling,” Bulletin of the Institute of Mathematics and Its Appli-
cations,??,????.
???? W. B. Zhang, Synergetic Economics : Time and Change in Nonlinear Economics, Springer−Verlag,????.
62
